Abstract-Rupture of abdominal aortic aneurysm (AAA) is associated with high mortality rates. Risk of rupture is multifactorial involving AAA geometric configuration, vessel tortuosity, and the presence of intraluminal pathology. Fluid structure interaction (FSI) simulations were conducted in patient based computed tomography scans reconstructed geometries in order to monitor aneurysmal disease progression from normal aortas to non-ruptured and contained ruptured AAA (rAAA), and the AAA risk of rupture was assessed. Three groups of 8 subjects each were studied: 8 normal and 16 pathological (8 non-ruptured and 8 rAAA). The AAA anatomical structures segmented included the blood lumen, intraluminal thrombus (ILT), vessel wall, and embedded calcifications. The vessel wall was described with anisotropic material model that was matched to experimental measurements of AAA tissue specimens. A statistical model for estimating the local wall strength distribution was employed to generate a map of a rupture potential index (RPI), representing the ratio between the local stress and local strength distribution. The FSI simulations followed a clear trend of increasing wall stresses from normal to pathological cases. The maximal stresses were observed in the areas where the ILT was not present, indicating a potential protective effect of the ILT. Statistically significant differences were observed between the peak systolic stress and the peak stress at the mean arterial pressure between the three groups. For the ruptured aneurysms, where the geometry of intact aneurysm was reconstructed, results of the FSI simulations clearly depicted maximum wall stress at the a priori known location of rupture. The RPI mapping indicated several distinct regions of high RPI coinciding with the actual location of rupture. The FSI methodology demonstrates that the aneurysmal disease can be described by numerical simulations, as indicated by a clear trend of increasing aortic wall stresses in the studied groups, (normal aortas, AAAs and rAAAs). Ultimately, the results demonstrate that FSI wall stress mapping and RPI can be used as a tool for predicting the potential rupture of an AAA by predicting the actual rupture location, complementing current clinical practice by offering a predictive diagnostic tool for deciding whether to intervene surgically or spare the patient from an unnecessary risky operation.
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INTRODUCTION
Rupture of Abdominal Aortic Aneurysms (AAAs) is associated with high mortality rates. Rupture occurs when the mechanical stress exceeds the strength of the vascular tissue. The local wall stress in conjunction with the local wall strength degradation during aneurysmal disease progression is affected by interdependent causes like biomechanical and biochemical processes, AAA geometric configuration, age, family history, and health quality. 28, 34, 35, 41 Of a special interest to the clinical practice is an effective patient specific rupture risk assessment, which is currently based on the less refined and at times inaccurate AAA diameter and growth rate criteria.
A variety of ways have been proposed to a modeling approach for patient specific rupture risk assessment, generating a tradeoff between accuracy and degree of complexity of the simulation methods which necessarily translates into computational processing time.
AAA classification based on a combination of geometrical features derived from non-invasive clinical imaging appears attractive since a great percentage of the computational time and cost is avoided. 12, 63 A challenging aspect of such approach is deciding which AAA geometric configurations clearly pose a risk of rupture before handing such an important tool to the clinicians, i.e., identifying those AAA geometrical parameters that have the potential to provide a safe marker of the rupture risk threshold. Data mining which facilitates the identification of patterns within data sets was used to correlate geometrical parameters with the AAA repair status concluding that sac length, sac height, volume, surface area, maximum diameter, bulge height and ILT volume can offer useful information. 50 Image based detection of the lumen centerline was also considered for AAA classification prior to rupture risk estimations. 68 Surface curvature was also analyzed as a classifier-proven to yield more accuracy in the risk prediction than diameter. 30 The most accurate practice to indicate the risk threshold though is the quantitative mapping of patient-specific wall stress and strength. Due to the inherent limitations of measuring directly or estimating indirectly the wall stresses or tissue strength of AAAs in vivo, computational models offer a robust option. Mapping and quantifying the stresses developing within the aneurysmal wall of patient specific AAAs can help clinicians determine the need for surgical intervention. Previous studies based on less accurate and non-dynamic AAA simulations have shown that computational models can be 12% more accurate and 13% more sensitive than using maximum diameter as sole rupture risk predictor (e.g., Fillinger et al. 15, 16, 56 ). Wall stresses have been calculated mostly by structural analysis of the aneurysm sac employing static uniform pressure acting on the intraluminal surface. 32 This approach does not take into account the spatiotemporal dynamic pressure distribution due to the luminal hemodynamics. 18 Besides AAA luminal hemodynamics, a proper model for accurate prediction of stresses developing within the AAA wall requires patient specific AAA geometries, information about inlet velocity components and dynamic pressure distribution. 3, 13, 41 Estimation of individual constitutive material models that describe the mechanical response of AAA tissue and the local wall thickness 49 and its variability 10, 42, 53 further augments the fidelity of the numerical simulation and its predictive capabilities. The importance of the regional variations in material anisotropy, stiffness and wall thickness are highlighted in 38, 43, 54, 55, 64 to reiterate the need of more reliable modelling techniques and better understanding the mechanobiology of the lesion. 28 There are inherent modeling challenges regarding characterizing the biomechanical behavior of the AAA ILT 39 (elastic, hyperelastic, poroelastic, porous) and calcifications, 31 increasing significantly the complexity of the problem. Di Martino et al. have shown that the presence of ILT can significantly reduce wall stresses. 6, 7, 9 The resulting magnitude and location of the peak wall stresses was dependent on the shape of the AAA. Complex flow trajectories within the AAA lumen indicated also a putative mechanism for the formation and growth of the intraluminal thrombus (ILT). Our previous studies 44, 67 suggest that thrombus reduces stresses on the aneurysmal wall without significantly changing location of maximum stress.
FSI simulations, in which a fully coupled dynamic interaction between the AAA hemodynamics and wall deformations is modeled, were conducted by our group 44, 67 and others to simulate the biomechanical behavior of the AAA wall. 2, 7, 16, 20, 27, 37, 48, [60] [61] [62] Most previous FSI studies were based on isotropic material models that exclude the directional response of abdominal aortic tissue to stresses. Our group performed FSI studies in patient specific geometries reconstructed from CT scans in AAAs of varying configurations, both with and without intraluminal thrombus. 2, 44 Experimental data of biaxial stress measurements 57 was fitted to an orthotropic material model which simulates vessel tissue as fiber-reinforced composite material. 21, [23] [24] [25] [26] Computational modeling is gaining ground as a risk predictor but needs further validation before getting utilized in a large scale from clinical perspective. To this end, experimental settings have also emerged to complement computational results in understanding AAA biomechanics and ultimately AAA rupture prediction.
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In our previous work we have verified that the FSI methodology we have developed was able to predict the actual rupture location of AAA on a patient specific basis. 67 We have further compared the rAAA stress results with cases of normal aortas and cases of AAAs that did not rupture. In this study we expand the cohort of normal and pathological cases to describe hemodynamic and wall structural changes differentiating AAAs during disease progression by studying the aforementioned three groups, (normal aortas, non-ruptures AAA and ruptured AAAs). The analysis, based on maximum von Mises stress (isotropic material model) and maximum principal axis stress (orthotropic material model), at peak systole and at mean arterial pressure (MAP), combined with statistical test for the three groups provide a trend (nomogram) and adaptation response of the abdominal aorta behavior during these three stages of the disease. We further discuss the potential contribution of important biomechanical features of AAA such as the role of ILT and calcifications on the pathological aortic wall.
METHODS
Using patient specific FSI methodology we characterize in this study AAA disease by studying three distinct stages of the disease succession, from normal aortas to non-ruptured AAA and to ruptured AAAs.
Acquisition of CT Data
Abdominal Computed tomography (CT) scans were acquired with intravenous contrast, which is the standard of care for AAA disease patients, from patients who arrived at the Stony Brook university hospital ER or at the Liege University Hospital, Belgium, with contained ruptured AAA, aneurysmal non-ruptured aortas, retrospectively (i.e., fissure type of rupture, where the AAA geometry did not drastically change because of the rupture and there was enough time to scan the patient before the surgery. Accordingly the ruptured AAA (rAAA) shape remained intact). CT scans of normal aortas were also obtained and used as baseline control cases. Informed consent was obtained retrospectively for all cases. The protocol was approved by the Institutional Review Boards (IRB) Committees on Research Involving Human Subjects of the corresponding institutions. Overall, 24 aortic CT scans with intravenous contrast were acquired, 8 normal aortas and 16 pathological aortas, (8 aneurysmal non-ruptured aortas and 8 contained ruptured AAA).
Patient Specific Approach for Fluid-Structure Interaction
The coordinate points and dimensions of patient specific AAA geometry were extracted from the CT scans, including anatomical details of the vessel wall, lumen, ILT, and calcifications (Ca). For the normal and pathological abdominal aortas, boundaries of the reconstructions were established from just below the renal arteries branching until 4.0 cm distal to the iliac bifurcation. Other smaller arteries, such as the gonadal and lumbar/spinal arteries, the inferior mesenteric artery and the median sacral artery were neglected due to lack of information about the blood flow exiting these arteries and their marginal effect on AAA hemodynamics. A uniform thickness of 2 mm was assigned to the AAA wall, as used in previous studies of patient specific geometries. 5, 37, 57, 65 The parallel planes scans were translated into 3D images using Mimics (Mimics, Materialise, Leuven, Belgium) and MMS (MMS, Medical Metrx Solutions Inc., West Lebanon, NH). The 24 aortic geometries were reconstructed in detail with the use of advanced image reconstruction software packages.
The obtained 3D geometries were further discretized into triangular elements meshes for fluid structure interaction (FSI) simulations (ADINA R&D, Inc., Watertown, MA). Figures 1a and 1b show the coronal and axial views of the CT data overlaid by the reconstructed 3D geometry. Figure 1c shows the 3D reconstruction of one of the eight contained ruptured aneurysm (rAAA) elected for studying with the patient-based FSI methodology.
Material Properties of the Aortic Wall
Isotropic and orthotropic material model formulations have been used in this study. The orthotropic material formulation models the arterial wall as a composite deformable structure that exhibits non-linear stress-strain relationship with exponential stiffening at high stresses. 17, 22, 46 A typical value of the angle between the two families of fibers characterizing AAA wall biomechanics was extracted from the literature. 44 In this study we employ higher order terms in the isotropic Mooney-Rivlin (M-R) strain energy function 4 to account for the departure from neo-Hookean/ Gaussian behavior at large stretches, combined with the Holzapfel orthotropic 22,47 material formulations. The isochoric elastic response for our isotropic material model formulation, " W iso , is given in Eq. (1).
where I 1 , is the first invariant of the Cauchy-Green deformation tensor. The isochoric elastic response for the orthotropic material model formulation, " W aniso , is given in Eq. (2).
where J, is the third invariant of the Cauchy-Green tensor C ij , n a and n b are the directions of the fibers defined by two angles, a a and a b , which are offset from the material axes. 47 A displacement-pressure finite element formulation was used where the pressure is not a part of the potential function and is separately interpolated. 52 More details of the model used in our FSI simulations can be found in elsewhere. 44, 67 The combined strain energy formulation used in our FSI simulations 44 produced excellent fit to previously published biaxial stretching experimental data with AAA specimen. 57 The parameters that best fit the model are shown in Table 1 (R 2 = 0.99). This r-square value is very high and it could be due to a small bias in our initial fit. Using the above orthotropic model, a replication of this bi-axial tensile testing 57 was conducted numerically in order to validate the model parameters. Briefly, a square 2 cm specimen was recreated in ADINA software package, and the stressstrain relationship in the circumferential and longitudinal directions was matched against the experimental results. Loading on each edge started at 0 N/m, then incrementally increased to 120 N/m over 1 s. The stress-strain relationship in both directions was averaged at four elements at the corners of a 5 9 5 mm 2 square near the center of the plate. A good agreement was achieved between the stress-strain relationship of the simulated specimen and the experimental measurements. 44 The ILT material was modeled as linear elastic with a Young's modulus of 0.11 MPa and a Poisson ratio of 0.45. 8, 37 Small calcifications (small-Ca) were assumed to behave as a stiff isotropic material with properties summarized in Table 1 . 1, 59 In the results presented we calculate the von Mises stresses for the isotropic material models and the principal p 1 stresses for the orthotropic material model. These stresses provide a quantitative value of the wall stress at each point on the external wall surface, presented as a three-dimensional color mapping corresponding to the stress level.
FSI Methodology
The fluid domain is governed by the Navier-Stokes and the continuity equations. The Arbitrary Lagrangian-Eulerian moving mesh approach is TABLE 1. Material properties for the normal and pathological wall (isotropic/anisotropic) and calcifications used in the FSI simulations.
Material coefficients
Isotropic coefficients Anisotropic coefficients utilized for re-meshing the fluid domain at each time step. We apply a fully coupled implicit-dynamics FSI approach with a sparse solution process. The numerical simulations utilize direct coupling between the blood, and the solid, vessel wall. 45 A finite-element scheme is used to solve the set of motion and fluid equations using the ADINA software package (ADI-NA R&D, Inc., Watertown, MA).
For the fluid domain, time dependent flow and pressure conditions measured by Olufsen et al. 36 are prescribed as boundary conditions at the outlet and inlet of the AAA geometry. More details about the waveforms can be found elsewhere. 67 Blood is modeled as a homogenous Newtonian fluid, with a density of 1035 kg/m 3 and a viscosity of 3.5cP 44 and the flow was considered laminar. All models are assumed to be initially at zero stress state, with the residual stress field in the unloaded configurations not considered. An initial stress loading is achieved by pressurizing the AAA from 0 to 90 mmHg with zero flow for one second, before the FSI waveforms are applied. For the solid domain, all degrees of freedom are fixed at the inlet and outlets. Each computation was continued for four complete flow cycles using a time step of 4 9 10 23 s. The Newton iteration scheme was used for the sparse matrix solver, with 0.001 relative tolerance for all the degrees of freedom. 44, 67 In the fluid domain, four node tetrahedral flow based control interpolation (FBCI) elements were used. Four node tetrahedral elements were used for the wall and ILT. In all simulations that contained an ILT, faces that were shared between the outer wall and the ILT were linked so that nodes generated on the face are used for both the ILT and the wall. Mesh convergence studies in which flow parameters and stress/ displacement analyses with coarser and finer meshes were tested, established that the results are mesh independent. 44 
Wall Strength and Rupture Potential Index (RPI)
A statistical model of non-invasive means to calculate in vivo wall strength distribution was employed. 58 It lumps together significant clinical and geometric predictors to yield a local value of the wall strength such as the local attached ILT thickness in cm, the local diameter normalized to the diameter of nonaneurysmal aorta (infrarenal) estimated from the patient's age and sex, 40 the family history (½ with history, 2½ without history) and patient's gender (½ male, 2½ female). 58 This model is used to generate 3D mapping of the wall strength that is then compared to the local stress distribution, to generate a map of a rupture potential index (RPI), defined as the ratio between the locally acting wall stress (calculated by FSI) and the local wall strength. Each global predictor variable, e.g., family history and AAA size, were obtained from each patient's hospital chart, while spatially varying predictor variables, local diameter and ILT thickness, were measured from CT images.
Statistical Methods
The obtained data were expressed by their mean and standard deviation (mean ± SD) values. Non-parametric one-way variance analysis (ANOVA) was utilized for examining significance of stress levels at peak systole or at mean arterial pressure,
where p s and p d denote systolic and diastolic pressures, for the three groups (normals, AAA and rAAA). This test was performed to discern statistical differences among maximum von Mises stress values from our FSI simulations. Since the maximum stress values used in statistical analysis represent independent experimental end points, p < 0.01 was considered to determine statistical significance. Statistical analysis was performed using in house Matlab script (MathWorks, Natick, Massachusetts, USA).
RESULTS

Blood Flow Through Aneurysmal and Normal Aortas
The FSI approach can provide a detailed representation of the flow field during the cardiac cycle for the normal and the pathological aortic lumens. For all aneurysmal cases the flow patterns during peak systole change significantly as compared to healthy aortas. The abrupt expansion from the aneurysm neck to the dilated AAA lumen induces a rapid decrease in the velocities followed by the formation of complex flow patterns and recirculation zones. 66, 67 Figure 2a shows the flow field in the aneurysmal sac for six representative cases 0.15 s after the peak systole. It is observed that while the flow field is streamlined at the two normal aortas, the flow becomes clearly disturbed for the two non-ruptured AAAs. The disturbances are intensified for the last two pathological ruptured cases (rAAAs) where the formation of recirculation zones is clearly depicted. During diastole, large and diffuse, recirculation zones are formed in both AAAs and rAAAs models. These are more pronounced as the aneurysmal sac widens and span almost the entire diameter of the aneurysmal bulge. In both pathological cases, smaller recirculation zones can be observed to form in the flow field, occurring either at the inlet of the aneurysm or close to the stagnation area of the iliac bifurcation during diastole, producing highly complex disturbed flow patterns.
The changes in the velocity field and in the flow patterns result in significant changes in the luminal pressure distribution as compared to the normal aortas. At peak systole, the typical blood pressure acting on the wall at the normal aortas 1 cm above the iliacs was approximately 120 mmHg, whereas in the pathological cases (rAAAs group) it was, 2-3% higher (122.4-123.6 mmHg). The blood pressure during diastole was also higher in the pathological cases (rAAAs group) as compared to the normal cases. For instance, at 60% of the cardiac cycle (early diastole), the pressure in the normal aorta 1 cm above the iliacs was 104.5 mmHg whereas the pressure at the same location was 0.4-0.6% higher for the rAAAs remaining almost constant throughout the aneurysm and dropped abruptly at the iliac arteries. This indicates that, in AAAs, there is an increase in the pressure acting on the aortic wall, which is not compensated by the expected downstream pressure drop.
Wall Stress Distribution in the Aortic Wall
Results during peak systole and at mean arterial pressure (MAP) with isotropic and anisotropic wall formulations are presented in Table 2 , with von Mises stresses reported for the isotropic simulations and principal axis (p 1 ) wall stresses reported for the anisotropic simulations, correspondingly (see Online Appendix for additional information on the FSI simulation). Figure 2b shows the peak von Mises stresses for six representative cases. There is a general trend of rising wall stresses from normal aortas to non-ruptured and ruptured AAAs as depicted in Fig. 3a . In this figure the maximum peak systolic von Mises stress is plotted against the maximum diameter of the aorta for each case. Progressing to the pathological cases, from normal subjects to non-ruptured AAA and then to rAAA, the maximum diameter increased and the maximum stress was also increased, following a non-linear curve. Normal subject models have a mean value of peak maximum von Mises stress of 0. Table 2 .
The FSI anisotropic material simulations follow the same trend as the isotropic simulations. Principal axis stress, p 1 , significantly increasing from normal to pathological cases as shown in Table 2 . All anisotropic simulations showed higher peak wall stresses as compared to the isotropic material model formulation. For the rAAA cases the percentage difference between isotropic and orthotropic material models was 3.3% (rAAA5) and 25% (rAAA8) for the two reported cases. Both von Mises distribution for the isotropic material formulation and principal axis stresses distribution for the anisotropic material formulation became highly non-uniform as the vessel wall progressed from a normal to an aneurysmal pathology. 67 The FSI simulations performed in all patients with ruptured AAA indicated highest stresses along and around the actual rupture line, with a good agreement as shown in Fig. 4 . In this figure the stress concentrations of four representative contained rAAAs (one from each diameter group studied) are presented (see also Fig. 1Ap of the Online Appendix for all ruptured AAAs). The arrows in Fig. 4 indicate the actual rupture location (known a priori from ER CT scans). The result was also confirmed in our previous study. 67 More details about these structures, e.g., maximum peak systolic wall stress, maximum peak wall stress at MAP, maximum diameter etc., are shown in Table 2 and in Online Appendix.
Role of Calcifications in AAA
In order to study the effect of calcifications in AAAs we divided the calcified spots into two broad categories. The first type of calcifications is defined as small calcified spots (small-Ca)-such as those appearing The maximum value of RPI is reported for the pathological cases. (see Online Appendix for more details).
near the location of rupture, with a maximum diameter smaller than 4.0 mm. The second type is the large plaque-like calcified spots. FSI simulations were performed for some cases of the non-ruptured and ruptured AAA with and without the presence of small or plaque-like Ca for comparison purposes. In the nonruptured AAA, small-Ca embedded in the wall, distal to the ILT location, increased the local stress within the wall by up to 36.8% as compared to the FSI simulation without the small-Ca for the anisotropic material wall model formulation. Additional FSI simulation performed for a larger, plaque-like Ca, reconstructed from CT data for a rAAA, indicated a reduction of the local wall stresses near the calcification by 21% as compared to the FSI simulation without the plaque-like Ca (for both material model formulations). More details about the results for the effect of calcified spots in rAAAs at the location of rupture can be found elsewhere. 67 
Rupture Potential Index
The resulting rupture potential index (RPI-the ratio between the locally acting wall stress from the FSI simulations and the local wall strength) for four representative pathological cases (two non-ruptured AAA and two rAAA) are shown in Fig. 2c . The rupture potential index (RPI) calculations are based on stress distribution derived from FSI simulations without the effect of the calcifications. The mapping of the RPI indicated several distinct regions of high RPI, with at least one coinciding with the actual location of rupture for the rAAA cases. The maximum RPI for all rAAA cases is close or higher to unity, ranging from 0.8 to 1.339, with a mean value of RPI 0.965 ± 0.22, indicating a very high risk of rupture for all 8 rAAAs ( Table 2 ). The maximum RPI for the non-ruptured AAA has smaller values, ranging from 0.39 to 0.693, with a mean value of RPI 0.54 ± 0.115, indicating a milder risk of rupture for the non-rupture AAA (Table 2) .
Similar to the general trend of rising wall stresses from normal aortas to non-ruptured and ruptured AAAs is the trend for the RPI, as depicted in Fig. 3b . In this figure the maximum RPI is plotted against the maximum diameter of the pathological aortas (AAA and rAAA). Moving from non-ruptured AAA to ruptured AAA, the maximum pathological diameter increases and the maximum RPI is also increased, following a non-linear curve.
Statistical Analysis of Peak Wall Stress at Peak Systole and at Mean Arterial Pressure (MAP) for the Three Groups
Non-parametric one-way variance analysis (ANO-VA) was utilized for examining significance of stress levels at peak systole or at mean arterial pressure, MAP, for the three groups (normals, AAA and rAAA). Figure 5 shows the Box and Whisker plots for peak stress at peak systole and MAP for the three different groups. The test showed statistical differences among the three groups at peak systole and MAP, with p = 0.001 and =0.0004, respectively.
DISCUSSION
An advanced methodology of patient specific fluidstructure interaction (FSI) approach using orthotropic material models characterizing the biomechanical response of the aortic wall is presented, for better estimation of the risk of rupture in AAAs. The methodology is based on patient-specific reconstructed geometries and a careful biomechanical characterization of the aortic wall behavior based on experimental data. 57 Following our previous studies, in this study we expand the cohort of normal and pathological cases to describe the hemodynamic and structural progression of the AAA disease by studying three groups, (normal aortas, non-ruptures AAA and ruptured AAAs). Differences between normal aortas and abdominal aortic aneurysms (statistically analyzed) were studied.
Eight cases of contained ruptured aneurysms were specifically studied in order to test the ability of the methodology to predict the actual rupture location. Specifically, Fig. 4 shows the stress concentrations of four representative contained rAAAs (one from each diameter group studied-all cases are presented in the Online Appendix). The arrows indicating the actual rupture location (known a priori from the ER CT scans) closely overlap the regions corresponding to the highest wall stress mapped, with apparent stress concentrations in these regions. Although there are larger regions that may appear with high stresses, these smaller localized regions of stress concentrations characterized by the peak stress values found in the specific rAAA, appear to be those indicating an AAA prone to rupture. Apparently they serve as better predictors for the AAA risk of rupture. These stress concentrations appear to occur in regions of sudden geometric changes (e.g., from the ascending aorta into FIGURE 4. FSI simulations of four representative contained rAAAs (one from each diameter group studied, from left to right, rAAA1, rAAA3, rAAA5 and rAAA8, see Table 2 for diameters and maximum stresses and Online Appendix for more information). The arrows indicate the actual rupture location (known a priori from ER CT scans). Although there are larger regions that may appear with high stresses, sometimes small areas with actual higher stress concentrations are more prone to rupture due to geometrical characteristics or other factors such as small-Ca embedded in the aortic wall.
the aneurismal sack, between the AAA and the iliac bifurcation, etc.), and in most of the cases have other contributing factors such as small-Ca embedded in the aortic wall in these regions, which are known to generate localized stress concentrations. Clearly surgeons should be more aware of the importance of such AAA characteristics when diagnosing a specific patient's AAA risk of rupture, with more attention given to these factors over the size of the aneurysm. Additional details about these structures, e.g., maximum peak systolic wall stress (von Mises stress), maximum peak wall stress (von Mises stress) at MAP, maximum diameter etc., are shown in Table 2 and in the Online Appendix. More details about rAAA5 and rAAA8 can be found elsewhere. 67 Isotropic and anisotropic material model formulations were used to characterize the biomechanical response of the aortic wall, and FSI simulations were performed using physiological blood flow conditions. The analysis based on peak wall stress (at peak systole and at MAP) combined with a statistical test for the three groups provide a trend (nomogram) of the aortic behavior during the three stages of the disease.
Blood flow in aneurysmal aortas exhibit complex dynamic flow patterns that completely deviate from those of the normal aortas, highlighting the importance of analyzing the AAA hemodynamics and their interaction with the aortic wall when studying AAA risk of rupture. The peak velocities during systole are lower in pathological aortas as compared to normal aortas, a clear result of large and secondary smaller recirculation zones characterizing AAA flow fields, mostly during the diastolic phase, that in turn alter the pressure and the wall shear stress (WSS) distributions during the cardiac cycle. 67 In all FSI simulations the pressure field of the pathological aortas increased during the cardiac cycle, as compared to the normal cases. This clearly indicates that in AAAs there is an increase in the pressure acting on the aortic wall, which is not compensated by the expected downstream pressure drop. This effect is inherently ignored by a modeling approach that utilizes structural analysis only, applying static pressure. It may be hypothesized that this pathological dynamic pressure increase (2-3% during the systolic phase) could be the driving force for the abnormal aortic expansion during the aneurysm expansion, in combination with additional biomechanical factors.
Simulations with isotropic and anisotropic material model formulations indicated a consistent pattern of increasing peak wall stresses from normal aortas to non-ruptured and ruptured AAAs. This trend of increasing wall stresses demonstrates the capability of the methodology to characterize biomechanical determinants in different stages of the aortic wall (normal aorta, non-ruptured AAA, ruptured AAA). The values of wall stresses predicted by our models are in agreement with previously published ruptured and nonruptured AAA studies, performed by our group 44, 67 and other researchers. 11, 18, 32, 34 The FSI simulations with reconstructed rAAA demonstrate that the location of the maximal wall stresses overlaps the actual rupture region. These results suggest that our methodology can predict the potential location of the rupture by depicting and quantifying regions of high wall stresses.
Special attention was given to the orthotropic material model development. The orthotropic material formulation models the arterial wall as a composite deformable structure that exhibits non-linear stressstrain relationship with exponential stiffening at high stresses. This stiffening effect results from simulating an embedded mesh of two families of collagen fibers which lead to the characteristic anisotropic mechanical behavior of arteries. 67 Many studies have identified the important role of the aortic wall material anisotropy as well as the stiffening and thickening process of the aortic wall due to aging and pathology. 38, 43, 54, 55, 64 Recent literature suggests that the wall morphology is still not well described or understood and additional research is required. Ferruzzi et al. claim that a structurally motivated phenomenological four fibers family constitutive relation captures the biaxial mechanical behavior of both human AAs (ages less than 30 to over 60) and AAAs, much better that existing material models.
14 They suggest that their model captures the loss of structural integrity of elastic fibers due to ageing and the development of abdominal aneurysms, this improving the ability to predict disease progression. Gasser et al., further developing their previous model which was used in this study, indicate that the undulation of collagen fibers in the unstressed tissue is a structural parameter with significant mechanical impact that needs to be further investigated. 19 They introduce new constitutive models for collagen fibers that integrate the structural information in a macroscopic AAA wall model.
Accurate prediction of the AAA risk of rupture entails the ability to predict whether the wall will actually fail. This requires weighing the local wall stress against the local wall strength. The latter involves information that can be indirectly estimated by factoring in biomechanical and clinical parameters, as well as the medical history of the specific patient. The RPI 58 that was incorporated in our methodology to achieve such an estimate. The RPI mapping depicted distinct locations more prone to rupture (Fig. 2c) . The strength and RPI calculations were performed without Ca for all cases studied.
There is a debate in the recent literature whether the presence of ILT plays a protective role on the aortic wall. Di Martino et al. have shown that the presence of ILT can significantly reduce wall stresses. 6, 7, 9 In this study, our simulations reveal that the ILT plays a cushioning role with reduced stresses on its vicinity. This result is based exclusively on a mechanical point of view and not at any biochemical effect such as wall degradation that the ILT could cause on the aortic wall. However, there are studies that discuss the opposite effect, which is that the ILT is associated with higher growth rate leading eventually to a gradual weakening of the AAA wall. 33, 51 Our study indicates that an approach that is quantitatively based on stress and RPI distributions and takes under consideration the coupling of the arterial wall with the hemodynamic properties may offer a refined alternative to the current decision for AAA treatment. It is clear that at least a moderate number of comparative cases for small and large-size AAA patient group is needed to further establish the clinical validity of this approach. In this study we substantially expand the cohort of normal and pathological cases compared to our previous studies. 67 This expansion provides statistical significance between the three studied groups and establishes the validity of the FSI approach. The patient-based FSI methodology developed can clearly distinguish the three different studied groups (normal aortas, non-ruptured AAA and rAAA), as shown in Fig. 3 , and also provides a nomogram of the aortic behavior during the three stages of the disease.
There are currently different thresholds for intervention accepted in the United States (5 cm) compared to Europe (5.5 cm). Maximal aneurysm diameter is a crude predictor of rupture risk, since some smaller aneurysms do rupture and some larger ones remain intact. To avoid unfortunate situations which may either put patients at unnecessary intervention risk or underestimate their risk of rupture, current decision models clearly require more detail and more specificity. Refinement of our ability to predict AAA rupture risk is vital for providing appropriate therapies to the maximal number of patients. It is clear that biomechanical considerations can both improve our understanding of aneurysmal disease progression and refine our ability to predict the risk of rupture.
Limitations
While we introduce a refined approach based on the pertaining biomechanical considerations such as geometry of the aneurysm and the interaction with the hemodynamic properties, a patient-specific modeling aimed at AAA diagnostics could always benefit from incorporating additional patient-specific data beyond these offered by the current study. Similar to other recent studies that used routinely acquired CT scans of AAA patients, the results presented are based on the assumption of a uniform 2 mm wall thickness, which may distort the stress values and their distribution. Models that use additional clinical modalities that describe in details the local wall thickness 49 and its variability 10, 42, 53 could further augment the fidelity of the numerical simulation and improve their predictive capabilities. In the current study this assumption was necessary due to limitations in the imaging and reconstruction techniques, but bears minimal effect on the comparison between the two material models and the effects of the ILT as previously demonstrated by our group. 44 However, our study goes a step beyond current advanced current modeling efforts that mostly incorporate isotropic hyperelastic material models, or anisotropic material models but employ static simulations. This is a demonstration of the ability of FSI simulations employing more accurate characterization of the aneurysmal wall biomechanical properties, to predict the location of potential rupture and to compare it to its local strength.
While the methodology demonstrates the ability to distinguish the alterations between different stages of the disease (normal aortas, non-ruptured AAA and ruptured AAA), in this specific study we have compared normal and pathological aortas of different patients in a retrospective study. In future studies we plan to conduct longitudinal studies in which AAA progression will be monitored and analyzed in the same patients during the disease progression (prospective study). In these future studies intermediate results from the FSI calculations could be experimentally verified. Those include flow field development, fluid pressure and wall shear stress. Another limitation of the reconstructed rAAA geometries is possible reconstruction implications of the ruptured aortas. In that aspect we carefully chose only contained ruptured aneurysms (fissure type of rupture) so that the geometry did not significantly change because of the rupture and till the patient was operated. Additionally, abnormal local curvature of the aneurysmal geometry could play a role on the stress distribution and local structure ''singularities'' could lead to localized stress hot spots. However, the reconstructed rAAA structures were smoothed and the final computational grids were without points of ''sharpness''. The performed grid independence studies at the initial rAAA structures provide also confidence about our results and eliminate issues concerning anomalies due to the computational mesh.
The residual stress field in the unloaded configurations was not considered due to the complexities involved, which could lead to a less uniform transmural stress field in the simulated configurations. However, this simplification was partially rectified by pressurizing the AAA geometric configurations from an initial zero stress condition to 90 mmHg with zero flow for 1 s, before the FSI waveforms were applied. At this loading stage and for all AAA structures we did not notice a discernible change in the shape of the preloaded configuration as compared to the unloaded reconstructed geometries.
The most consistent approach for studying aneurismal disease progression would be to include also the patient specific hemodynamic characteristics (actual flow rate and pressure waveforms measured at the time of the CT scan). However, this study in such a large cohort of patients was retrospective and this information was not available. In our initial work we did not account for peripheral resistance, rather we applied dynamic pressure waveforms. Since this work is a continuation of our previous studies and in order to provide the same conditions for comparing all cases studied, we applied uniform boundary conditions in all cases. The value of applying uniform boundary conditions across the board for all patients is in conducting a controlled comparative study. This was one of the goals of this large cohort study-namely, comparing the biomechanical response during the aneurismal disease progression. In future studies we plan to incorporate in the FSI simulations peripheral resistance by incorporating in the models compartmental models. 29 Nevertheless, the inlet velocity boundary condition used in this study leads to physiological flow rates for all cases (normal and pathological aortas).
The current work shows that even when employing many simplifying assumptions, a methodology that is based on pure biomechanical considerations demonstrates a powerful predictive capability that could vastly improve the diagnostics of patients with AAA disease. The methodology challenges current clinical practice, where a risky elective repair of the AAA based on its size alone is warranted rather than looking at a patient-specific stresses developing within the aneurysmal wall as a result of the complex interaction between the AAA geometry, hemodynamics, and the wall mechanical response. The FSI approach shows an increasing trend with stresses significantly increasing from normal to pathological cases. The results demonstrate that FSI wall stress mapping and RPI can be used as a tool for complementing the current clinical practice. The proposed methodology may provide clinicians and surgeons with a refined diagnostic and decision tool for establishing the need for a risky surgical intervention, by providing a fully dynamic and quantitative depiction of the AAA biomechanics under hemodynamic conditions, and predicting its risk of rupture.
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